A series of azo dyes, possessing amide fragments with restricted flexibility tethered to 4-(phenyldiazenyl)naphthalen-1-ol, was obtained from 1-hydroxy-2-naphthoic acid by subsequent conversion to amides and diazo coupling. It was shown that the position of the tautomeric equilibrium in solution strongly depends on the solvent in both UV and NMR concentration scale. The compounds exist as pure enol forms in chloroform and hydrocarbons, while in polar solvents (acetone, acetonitrile, alcohols) a tautomeric mixture is observed. According to the quantum-chemical calculations the aggregation of the keto tautomer is the possible reason for this shift in the position of the tautomeric equilibrium. To support the theoretical predictions, it was found that from acetone the keto form crystallizes as a dimer with hydrogen bonding between N 1 eH in the one molecule and amide C]O in the other forming a three-dimensional structure. The importance of the side-chain nitrogen atom on the dimer formation was confirmed by solution and solid state study of 4-(phenyldiazenyl)-2-acetylnaphthalen-1-ol. The results indicate that the new azo-dyes obtained could be suitable candidates for switching and sensing applications in non-polar solvents.
Introduction
The design of selective and sensitive chemosensors for ions and systems for molecular recognition has developed at the extraordinary rate due to their potential application in clinical biochemistry, analytical chemistry and environmental science [1e9] . Organic chemosensors are molecules of abiotic nature capable of interacting selectively with a specific substrate accompanied with corresponding changes in one or more characteristics of the system, i.e. to detect certain chemical stimuli in the environment.
Azo compounds are among the most widely examined coloring and signaling systems due to their optical stability [10e17]. However, when both tautomeric forms coexist in solution at room temperature the isolation of individual end-structures represents a general problem, which limits their use for sensing purposes. Recently, the concept for a tautomeric switch, where a directed shift in the position of the tautomeric equilibrium can be achieved through protonation and/or complexation, was proven by attaching of a flexible nitrogen linked piperidine [18] (1, Fig. 1 ) or 1-aza-15-crown-5 [19] (2) fragment to 4-(phenyldiazenyl)naphthalen-1-ol. Both compounds were isolated as pure enol forms due to strong hydrogen bonding between tautomeric hydroxyl group and the side chain nitrogen atom and were fully converted to ketotautomers, which, to the best of our knowledge, present the first examples of an active side-arm containing chemosensors with significant bathochromic and hyperchromic effects of the absorption maximum upon protonation or complexation. The developed tautomeric aza-15-crown-5 system 2 has shown acceptable complexation with small alkali and alkaline earth metal ions. However, the selectivity toward different metals was relatively low, most probably due to flexibility of the methylene spacer and the azacrown moiety. In order to restrict the rotation of the side chain the methylene group was replaced with carbonyl function, capable of forming a strong hydrogen bond with the tautomeric hydroxyl. Additionally this could lead to reduction of the electron density at the heterocycle nitrogen atom as a tuning tool to model the complexation ability of the attached heterocycle.
Herein, we present the synthesis of a series of azo dyes (3) possessing amide fragments tethered to 4-(phenyldiazenyl)naphthalen-1-ol and a study on their conformational preferences and tautomeric properties in the gas phase, solutions and in the solid state. As a comparison, the spectral data of compound 4, where the nitrogen containing heterocycle is absent, will be considered.
Results and discussion
The target azo dyes 3 were obtained from 1-hydroxy-2-naphthoic acid 5 by subsequent conversion to amides 6 and diazo coupling as a one-pot two step protocol without intermediate purification, as shown on Scheme 1. Piperidine (a), morpholine (b), and N-phenylpiperazine (c) were chosen as N-heterocyclic units in order to examine the influence of the presence and the type of the additional heteroatoms on the position of the tautomeric equilibrium.
As a first step, the conditions for the preparation of the amides 6, which was expected to be attended with synthetic problems due to the presence of the reactive phenolic hydroxyl group in the acid molecule, were optimized using the piperidino derivative by checking different approaches. The direct amide coupling in the presence of N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDCI) and 1-hydroxybenzotriazole (HOBT) led to a side product 8a formation with the participation of the hydroxyl group (Scheme 2). Its structure was assigned by 1D and 2D NMR spectroscopy, where characteristic ester and amide resonances were observed.
The classical protocol for the preparation of the amides via acyl chlorides, heating of the acid in thionyl chloride followed by reaction with piperidine, resulted in a very complex mixture. The amide 6a was isolated in low yield after several subsequent chromatography purifications, along with some side-products, the chlorinated compound 7a and the already obtained ester-amide 8a. The formation of these side products, which could be achieved only during the preparation of the acid chloride, showed that the harsh classical conditions are not efficient in this case. The chlorination was further performed in solution with 4-fold excess of thionyl chloride by following the protocol applied in the synthesis of similar compounds [20] and the target amide 6a was isolated in good yield together with slight impurity of 8a. The same result was obtained for 6b. Finally, the excess of the reagent was reduced and the amides 6ae6c were obtained as sole products and were directly used in the next step. Diazo coupling was carried out via a standard protocol (Scheme 1) and the pure products 3 were isolated by high performance flash chromatography on silica gel in good overall yields.
The position of the tautomeric equilibrium in 3 was studied by quantum-chemical calculations and mass spectrometry in the gas phase and was afterward investigated by NMR and UV spectroscopy in solution and by X-ray in the solid state.
It was reported in the case of 1 [18] that the intramolecular hydrogen bonding between the piperidine nitrogen atom and the enol OH group leads to full shift of the equilibrium towards the enol tautomer in chloroform, cyclohexane, acetone and acetonitrile. This bonding is probably partially broken in the case of alcohols, where an enol predominating tautomeric mixture is observed. The absorption spectra of 3a, shown in Fig. 2 show a different behavior. The tautomeric equilibrium is switched to the enol isomer (absorption maximum at 400 nm) only in chloroform and cyclohexane and increasing amount of the keto tautomer is observed in acetone, acetonitrile and ethanol. The increase of the concentration in acetonitrile and in acetone from 10 À5 to 10 À3 mol/l leads to slight rise of the keto band at 470 nm suggesting an aggregation effect, while in the case of the chloroform no spectral changes were observed. The quantum-chemical calculations performed (Fig. 3) show that the enol form (E) can exist as two isomers depending on the hydrogen bonding formation. Logically the side chain C]O.HO interaction is preferred, but both isomers are substantially more stable in comparison to the keto tautomer (K) in the gas phase. On the other side the side chain of the keto form is out of planarity, which gives possibility for intermolecular interaction (NeH.O]C side chain) with another molecule and to formation of a dimer (D K ), which leads to final stabilization of appr. 2 kcal/mol in respect of the more stable enol form (Fig. 3a) .
The overall process can be summarized as follows:
E %K%D K In gas phase the tautomeric equilibrium is shifted to the enol isomer, but in solution the situation could be determined by the polarity and/or proton-acceptor/donor ability of the solvent. At the same time, the dimer formation requires availability of the keto tautomer. According to the quantum-chemical calculations the keto tautomer is slightly more polar (3.5D against 3.1D for the enol form) and it is the form that gives better opportunities for interaction with proton-acceptor solvents (free NeH). In chloroform, a bulky, strong proton-donor and low polar solvent, there are no possibilities to shift the equilibrium to the more polar keto form, in which C]O group is sterically hindered for hydrogen bonding with the solvent. However, in acetonitrile and in acetone (due their higher polarity and substantial proton-acceptor abilities [21] ) a proportion of the keto tautomers are available giving the background for dimer formation.
As seen from Fig. 3a , the energies of the structures in acetonitrile field (PCM calculations) suggest substantial stabilization of the keto tautomer in respect of the enol forms (relative energy lows from 4.1 to 0.8 kcal/mol and from 8.1 to 3.4 kcal/mol) and the dimeric structure remains most stable at the same time. The interactions of the tautomers with acetone ( Fig. 3b ) dramatically change the situation leading to comparably stable keto monomer, keto dimer and C]O.HO enol form. The leading force is the intermolecular hydrogen bonding between the tautomeric proton and the acetone C]O group.
The mass spectra of 3 not only confirm the existence of the enol tautomer in gas phase [21] , but give indications for co-existence of the C]O.HO and N.HO isomers. While in the case of 1 the fragmentation begins with loss of piperidine [22] , in 3a (Scheme 3 as a representative example for 3) this fragmentation pathway (appearance of m/z 274 and subsequent fragmentation) is accompanied by cleavage of the ]NeC naph bond (m/z 254 and m/z 105), which results from the C]O.HO interaction hindering migration of the tautomeric proton towards the piperidine unit. The mass spectrum from methanol-d 4 solution additionally shows that both isomers of the enol tautomer coexist in gas phase, because the molecular ion radical (m/z 360) again gives fragment m/z 274 (loss of deuterated piperidine, which requires intramolecular hydrogen bonding involving the piperidine nitrogen atom [21] ) along with fragment with m/z 255.
Scheme 2. i) piperidine, EDCI, HOBT, CH 2 Cl 2 , rt; ii) 1. SOCl 2 , reflux; 2. piperidine, CH 2 Cl 2 , rt; iii) SOCl 2 (4 equiv), DMF, heptane, reflux, 4 h; 2. piperidine or morpholine, i-Pr 2 NEt, CH 2 Cl 2 , rt; iv): 1. SOCl 2 (2.5 equiv), DMF, heptane, reflux, 4 h; 2. piperidine or morpholine, i-Pr 2 NEt, CH 2 Cl 2 , rt. The NMR spectra of the products in 10 À1 M concentration in deuterochloroform showed sharp and well defined signals consistent with enol forms. It can be suggested that azo dyes 3 exist in chloroform as single enol form, as was observed for analogues with flexible side-chain 1 [18] and 2 [19] , and contrary to unsubstituted 4-phenylazo-1-napthol and 2-phenylazo-1-napthol, where both tautomers coexist and the populations of the keto forms are calculated from 13 C and 15 N spectra [23, 24] . The preferred conformations of amide side chains (Fig. 4) were studied by 1 He 1 H NOESY experiments. Strong interactions of the singlet for CH-3 with the ring methylene groups were observed in all spectra, while no CH 2 .OH interactions were detected, which are compatible with conformers 3B.
The results in chloroform were in full agreement with the UVeVis data in respect of the enol stabilization. In order to study if the influence of the solvent on the position of the tautomeric equilibrium is dependent on the concentration, the NMR spectra of the products 3ae3c were recorded in 10 À1 M solutions in deuteroacetone. The proton spectra showed broad signals and the hydroxyl group resonances were not detected, which is consistent with slow exchange between two sites. The latter was supported by the fact that the complete carbon spectra were not detected within a reasonable time-scale. The spectra of a selected sample (3b) in deuteroacetone were recorded at low temperature (213 K) at 5 Â 10 À2 M concentration in order to avoid the product crys- (Figure 4 ) slow exchange, as both forms differ significantly in relative energy due to strong H-bond in 3B. The spectra of 3b were additionally compared with the spectra in deuteroacetone of already published [25] O-methyl and N-methyl derivatives of 4-phenylazo-1-naphthol, model enol and keto analogues, respectively. The carbonyl resonances of 3b are in full accordance with those of the model compounds, as illustrated on Fig. 5 . So, it can be suggested that the exchange observed in 3 is due to keto-enol equilibrium. These results show that the tautomeric preferences are strongly dependent on the solvent both in UV and in NMR concentration scales. The crystals of 3b were obtained by slow diffusion of hexane into acetone solution of the product. Unfortunately, all other solvent systems used led to small crystal formation and X-ray analyses were not successful. It was found that the product crystallize in keto form as a dimer with tautomeric proton "delocalized" between N 1 eH in the one molecule and amide C]O in the other (Fig. 6 ) thus forming an interesting three-dimensional structure (Fig. 7) , where a molecule of acetone is captured [26] . This result strongly supports the suggestions made on the base of the quantum-chemical calculations for 3a and the observed spectral properties in acetone.
To ascertain the influence of the side chain heteroatoms on the conformational preferences of the products, the simplified analogue of 3 possessing methyl group instead of N-heterocycle was chosen as useful candidate. Thereby, 4-phenylazo-2-acetyl-1-naphthol 4 was obtained from commercially available 2-acetyl-1-naphthol 9 by diazo coupling (Scheme 4).
The NMR spectra of 4 showed sharp signals compatible with individual form, i.e. with absence of exchange. From the other side, the NOESY interaction between CH-3 and CH 3 -group (Fig. 4d) shows that in chloroform solution at room temperature the product exists as 4B form. The spectra in deuteroacetone with the same concentration (10 À1 M) showed again sharp signals compatible with enol tautomer, which indicates that the side-chain nitrogen in 3 has significant influence on the conformational preferences of the azo dyes. The UV spectral data in various solvents show that in all cases the equilibrium is shifted to the enol tautomer. These results are supported by the quantum-chemical calculations shown in Fig. 8 . The enol form is strongly stabilized through intramolecular hydrogen bonding, where the tautomeric proton is "delocalized" between the carbonyl groups. The crystal structure of 4 [26] (Fig. 9) supports the calculations and spectral results, showing the existence of the enol tautomer, stabilized through strong C]O.HeO bonding (according to Gilli et al. [27] in the light of the bond distances of 0.820 Å for the OeH bond and 1.816 Å for H.O]C bond). This hydrogen bonding is much stronger that the N.HeO interaction in 1 [18] , which leads the better stabilization of the enol tautomer (9.8 vs 4.2 kcal/mol).
According to the theoretical calculations, the keto tautomer is essentially planar and the formation of dimers, although stabilize the keto form by itself, do not lead to stabilization in respect of the enol tautomers.
Conclusions
We report herein on the synthesis, tautomeric properties and conformational preferences of switching azonaphthols containing a side chain with limited flexibility. The target azo dyes possessing amide fragments tethered to 4-(phenyldiazenyl)naphthalen-1-ol 3 were obtained in good overall yields from 1-hydroxy-2-naphthoic acid by consecutive conversion to amides 6 and diazo coupling as a one-pot two step protocol without intermediate purification. It was shown by quantum-chemical calculation and mass spectra that the products exist in enol form in gas phase, while the position of the equilibrium in solution is strongly dependent on the solvent both in UV and NMR concentration scale. It was found that the keto form of 3b crystallizes from acetone as dimer with hydrogen Fig. 6 . View of molecular structure of 3b, 50% of probability, H-bond are drawn in dashed blue, solvent molecules and some hydrogen atoms are omitted for clarity, #1: 1Àx, y, 0.5Àz. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 7 . 3D structure of 3b; ellipsoids are in 30% probability. bonding between N 1 eH in the one molecule and amide C]O in the other. A study on the switching and sensing properties of the products is in progress and will be reported in due course.
Experimental section
4.1. Synthesis 4.1.1. General All reagents were purchased from Aldrich, Merck and Fluka and were used without any further purification. Fluka silica gel/TLCcards 60778 with fluorescent indicator 254 nm were used for TLC chromatography and R f -values determination. The high performance flash chromatography (HPFC) purifications were carried out on a Biotage HorizonÔ system (Charlottesville, Virginia, USA) on silica gel. The melting points were determined in capillary tubes on SRS MPA100 OptiMelt (Sunnyvale, CA, USA) automated melting point system. The NMR spectra were recorded on a Bruker Avance IIþ 600 spectrometer (Rheinstetten, Germany) with fid resolution 0.3 Hz, i.e. 5.10 À4 ppm; the chemical shifts were quoted in ppm in
d-values against tetramethylsilane (TMS) as an internal standard
and the coupling constants were calculated in Hz. The assignment of the signals was confirmed by applying 2D techniques. The spectra were recorded as 10 À1 M solutions in deuterochloroform or deuteroacetone (where indicated) except NOESY experiments where 3 Â 10 À2 M solutions were used in order to avoid transmolecular interactions. For simplicity, the ester naphthol unit in 8 is described as basic, while the amide substituted moiety is designated as (C,H)'. The MS-spectra were recorded on a DFS High Resolution Magnetic Sector MS Thermo Fisher Scientific GmbH (Bremen, Germany) instrument operating in EI mode at 70 eV with an ion source temperature 220 C. The accurate mass measurements were performed using perfluorokerosene as a reference.
Amide coupling. Synthesis of 2-(piperidine-1-carbonyl) naphthalen-1-yl-1-hydroxy-2-naphthoate 8a
A mixture of 1-hydroxy-2-naphthoic acid 5 (5 mmol), piperidine (6 mmol), EDCI (6 mmol), and HOBT (6 mmol) in dichloromethane (25 ml) was stirred at room temperature for 18 h. The reaction mixture was poured into ice-water and the solid phase was filtered off and washed with CH 2 Cl 2 . The products were partitioned between CH 2 Cl 2 and water. The organic layer was washed with brine, dried over Na 2 SO 4 , and purified by flash chromatography on silica gel. Mobile phase with a gradient of polarity from CH 2 (10 ml ) was added at 0 C and the mixture was stirred at room temperature overnight. The products were partitioned between CH 2 Cl 2 and aq. Na 2 CO 3 . The organic phase was washed with brine, 2N HCl, and again with brine, was dried over Na 2 SO 4 , and evaporated to dryness. The product was purified by flash chromatography on silica gel. Pure products were isolated after the third purification: 25% 6a, 13% 7a, and <1% 8a. 
Quantum chemical calculations
Ab initio HF/6e31G** calculations were performed by using the Gaussian 09 program suite [30] . The effect of the solvent was described using the Polarizable Continuum Model (PCM) model [31] . The individual tautomeric forms and the keto dimers in gas phase were optimized without restrictions and then were characterized as true minima by vibrational frequency calculations. In acetone environment the dimereacetone complex was optimized taking the X-ray structure as initial approximation.
The use of the HF method has been justified by a comparative study of various levels of theory in the description of the tautomeric equilibrium in azonaphthols [32, 33] .
UVeVis spectroscopy
The absorption spectra were measured on Jasco V-570 UVeVise NIR spectrophotometer equipped with Julabo ED thermostat at constant temperature of 20 C. Spectral grade solvents were used (Scharlau Multisolvent). Typical concentration range solutions of 10 À5 mol/l were measured. The crystal of 3b was mounted of on a loop and all geometric and intensity data were taken from this crystal. Data collection using Mo-K a radiation (l ¼ 0.71073 Å) was performed at 150 K on a STOE IPDS-II diffractometer equipped with an Oxford Cryosystem open flow cryostat [34] . Absorption correction was partially integrated in the data reduction procedure [35] . The structure was solved by SIR 2004 and refined using full-matrix least-squares on F 2 with the SHELX-97 package [36, 37] . 
Compound 3b crystallizes in the monoclinic space group C2/c (N 15) with two molecules of 3b and one acetone molecule per asymmetric unit (Fig. 5) . The backbone of the compound consists in a phenyl ring attached to a functionalized naphthalene by a diazenyl function with C1eN1, C7eN2, N1eN2 bond lengths of respectively 1.41(1) Å, 1.35(1) Å and 1.34(1) Å and the torsion angle C1eN1eN2eC7 of 176.9 (9) . On the naphthalene moiety, C10 is connected to O1 with a bond length of 1.25(1) Å, and C9 is connected to a morpholine by C17, with C17eO2 and C17eN3 bond lengths of 1.23(2) Å and 1.34(2) respectively. The morpholine part has a chair conformation with a torsion angle O3eC20eC21eN3 of 56 (1) .
The presence of a delocalized hydrogen atom (N1.H1 bond length is 1.351(9) Å) explains the difference in the bond length of C1eN1 and C7eN2, as this hydrogen atom is also connected to O2#1 (, #1: 1Àx, y, 0.5Àz) (bond length 1.36(1) Å) and forms intermolecular hydrogen bonding (Fig. 6 ). These two molecules are arranged in a "V" shape, in between which the acetone molecule is placed. This arrangement gives an alternation of "two 3b.Acetone. two 3b".
4-Phenylazo-2-acetyl-1-naphthol 4
Very small needle like crystals of 4 were obtained by slow diffusion of ethyl acetate (containing 4 mg ml À1 4) in toluene (containing 1 mg ml À1 4). The crystals were then subject to macro seeding. Drops of 10 ml were mixed with 2.5 ml ethyl acetate and toluene containing 1, 2, 3, 4 and 5 mg ml À1 of 4. After a few days, the crystals grew to maximum dimensions 0.8 Â 0.3 Â 0.2 mm from the 2 mg ml À1 mixture.
The crystal of 4 was mounted of on a glass capillary and all geometric and intensity data were taken from this crystal. Data collection using Cu-K a radiation (l ¼ 1.5418 Å) was performed at room temperature on an Oxford diffraction Supernova diffractometer. The structure was solved with SHELXS-97 [37] and refined using full-matrix least-squares on F 2 with the SHELXL-97 package [37] . Crystal data of 4: monoclinic, P2 1 /c (No. 14), a ¼ 13.0408 (6) Compound 4 crystallizes in the monoclinic space group P2 1 /c (N 14) with one molecule per asymmetric unit (Fig. 8) . The majority of bond lengths and angles are comparable for 3b and 4. The similar values of C1eN1 and C7eN2 bond lengths (1.432(3) and 1.428(3) Å) and the "reduced" N]N one (N1eN2 of 1.242(3) Å) do not suggest the presence of a delocalized hydrogen atom near the diazenyl function in 4. Thus not typical intermolecular hydrogen bonding interaction could be observed in the crystal structure of 4.
